THIS STUDY was intended to answer four questions relating to cardiac catheterization in children: How much radiation is the child exposed to during a routine study? What differences are there in exposure to various areas of the body? How much radiation is related to cineangiography compared with fluoroscopy? How might radiation exposure be reduced?
Materials and Methods
Thirty infants and children chosen randomly were evaluated during clinically indicated cardiac catheterization studies between April and July 1979. Age ranged from 3 days to 21 years (table 1) . Fourteen had left-to-right shunts, 10 had cyanotic congenital heart disease, four had rightor left-heart obstruction, one had Ebstein's anomaly, and one child had no significant heart disease. Balloon septostomy was performed in two neonates.
Lithium fluoride thermoluminescent dosimeters (TLDs) were applied to the body during precatheterization chest roentgenography, during the hemodynamic assessment (fluoroscopy) phase of cardiac catheterization and during cineangiography. The TLDs, 0.3 X 0.3 X 0.09-mm chips of high-sensitivity Cardiac catheterization was performed in the standard fashion; no change in technique was introduced. Angiograms were performed as clinically indicated using the Philips three-phase Rotalix 350 biplane cineangiography system. Focal spot was 0.6 mm in each plane. The milliamperage was stabilized (maximum 300 mA) with variable kilovolts (maximum 125 kVp). Filming was performed at 60 frames/sec and measured to be 23 ,tR/frame.
Results
Catheterization time (from insertion to withdrawal of catheter) ranged from 23-149 minutes (mean 71.8 minutes) (Table 1 ) and mean fluoroscopy time (the sum of the anteroposterior and lateral planes) was 15.8 minutes (range 5-27 minutes). Volume of contrast administered varied with patient size; when indexed to weight (ml/kg body weight) the average was 3.16 ml/kg (range 1.33-4.76 ml/kg). The number of angiograms performed varied with the complexity of the lesion. The number of angiograms was tabulated as the number of planes of cineangiography performed; one biplane cineangiogram was tabulated as two angiograms (table 1) . Most children had two or three biplane cineangiograms.
Precatheterization chest roentgenography was performed in all children; dosimetry was measured in 20. Average absorbed dose to the chest was 24.5 ± 20.8 mR. Absorbed dose was defined as the difference between entrance and exit doses. Absorbed chest dose during fluoroscopy (hemodynamic assessment) was an average of 5810 ± 5251 mR (table 1) and during cineangiography was 1592 ± 1340 mR.
As a means of comparison, radiation exposure was expressed as chest x-ray equivalents, defined as ratio of total catheterization dose to chest roentgenogram dose. When so expressed (table 2), the fluoroscopy phase of the study was equal to an average of 428.2 chest x-rays and the cineangiography was equivalent to an average of 99.9 chest x-rays ( fig. 1 ). From the complete cardiac catheterization, the average thyroid dose was equivalent to 35 chest x-rays.
Average target doses during the complete catheterization study (fluoroscopy plus cineangiography) were: nose (25.9 mR) thyroid (431 mR) and gonads (11 mR); absorbed dose to the abdomen averaged 150 ± 110 mR. Even though the TLDs were placed internally in females and externally in males, there was no significant difference in gonadal dose between males and females. Thyroid dose did not correlate significantly with age, weight or body surface area.
Chest dose did not correlate well with fluoroscopy time (r = 0.52) but did correlate with body surface area when controlling for fluoroscopy time (partial before and after catheterization with cineangiography in 20 children, chromosomal damage was found in all post-study specimens. In a subsequent study, the dose effect was shown to be enhanced by the use of contrast agent for angiography.5 Differences between pediatric and adult cardiac catheterization are relevant: average volume of contrast administered in children was 3.16 ml/kg body weight; in adults, the average volume was 2.08 ml/kg body weight (unpublished data).
In adults, Gough et al. 6 Ardran et al.7 and Malsky et al.8 estimated exposure based on radiologic equipment settings and field size. Calculation of total exposure ranged from 3-lOOR. Malsky suggested that the ideal setting would be to obtain dosimetry information of the performance of the actual procedure.
Thermoluminescent dosimetry has been applied to adults9 and children'0'4 during cardiac catheterization, usually to measure gonadal or thyroidal dosage. Mean exposure to the pubic region was 12.1 mR in adults,9 a figure almost identical to ours, and ranged from 9-300 mrad in children,'10-2 apparently reduced in the presence of gonadal shielding, according to Kaude and Svahn.'0 A wide diversity of thyroidal dosage has been reported. Martin and Olson13 reported an exceedingly high thyroidal exposure (average of 7.7 rad) in a catheterization laboratory in which the serial film changer technique was used in all studies. In children from early infancy to 13 years of age, Gustaffson and Mortensson'4 reported a total median absorbed thyroidal dose of 261-369 mrad, based on a single soft-tissue conversion factor of 0.92 rad R-'. Reuter, in 12 adults, reported a similar level of exposure (243-278 mR).9
While it is preferable to discuss human dosimetry in radiation-absorbed dose (rad), the conversion factor from roentgen (a unit of exposure) to rad is based primarily on size, location and mass density of various tissues, derived from phantom studies. Such studies have not been reported in children of various ages and sizes. Because of the wide range of patient size in our series and the likelihood of introducing error using a single roentgen-to-rad conversion factor, our dosimetry data are reported in roentgens.
Our results indicate a very low radiation exposure to patients' eye region; the level found is consistent with the forehead exposure to the physician found by Wold et al. 16 and is probably-related to scatter. The average gonadal dose we found, 11 mR (equivalent to less than one-half of the exposure to the chest from a chest roentgenogram), is reassuring, especially considering the work of Adams et al. 4 The application of commercially available gonadal shields would be of little use in cardiac catheterization because the radiation source is posterior and the device is applied anteriorly.
Our data indicate an average exposure of 431 mR to the thyroid region. Gustaffson and Mortensson" felt that absorbed dose to the thyroid comes almost exclusively from scattered radiation. Martin and Olson stated that thyroid exposure is directly related to the degree of collimation, at least during serial radiography. ' 3 We believe that both scatter and collimation are significant factors. Collimation close to the heart is critical to prevent directing the primary beam on incidental structures, e.g., the thyroid. However, in small infants, it may be difficult to "cone" the field so as to completely avoid thyroid exposure and still visualize the aortic arch. Childhood irradiation of the thyroid gland has been associated with the induction of thyroid tumors and hypothyroidism.2 ' 16-18 In thyroid carcinoma, tumor incidence is proportional to thyroidal dose.'7 A latent period of longer than 40 years has been found between irradiation and clinical presentation."' It is difficult to compare our thyroid dosage with head-and-neck radiation given to children in the 1950s because the early dosage data were estimated rather than measured, and the 1950s exposure was repetitive, whereas cardiac catheterization is a single-dose event. The data of Beach and Dolphin'8 and Silverman and Hoffman2 citing doses of 6-1225 rads is several orders of magnitude different from our measured thyroid exposure of 431 mR. However, both from recent'6 and early reports, children are clearly more radiosensitive than adults. The optimal dose is the lowest possible dose that produces complete, clinically relevant information.
While some abdominal structures are not highly radiosensitive, the gastrointestinal tract may be damaged by ionizing radiation. The abdominal exposure found during cardiac catheterization is high enough (average 150 mR) to merit efforts at reduction. Placement of a lead shield (0.5 mm or thicker) under the buttocks should be standard; the shield should be positioned so that its most cephalad edge is just below the level of the diaphragm.
Radiosensitivity is proportional to cell reproduction rate and thus, the hematopoetic bone marrow areas are highly radiosensitive. In a 1974 study, Seidlitz and Margulis'9 estimated x-ray dosimetry to the vertebral bone marrow based on measured skin entrance dose and phantom experiments to correlate entrance dose with intravertebral exposure. Although the internal mass relationships found in the adult human differ significantly from those in the child, we have applied our skin entrance dosimetry to the formula developed by Seidlitz to calculate an average abdominal vertebral bone marrow exposure of 40.5 ± 20.4 mR during the complete cardiac catheterization. Dose to the thoracic vertebral bone marrow as an average of 460 ± 267 mR for the complete cardiac catheterization study. Until long-term (20-40 years) studies indicate the absence of increased incidence of leukemia in patients who had cardiac catheterizations in childhood, continued vigilance and periodic checkups must be applied.
The target organ of cardiac catheterization is, of course, the heart. The resultant x-ray dosage to the chest is large, an average of 7.4 R, expressed as the difference between entrance and exit exposures. (If one considers only the entrance readings, the mean chest exposure was 8.1 R.) There is no accepted limit for maximum diagnostic radiation dosage to the thorax. The guidelines for maximum radiation to the whole body ("occupational dose") for those under 18 years of age limit the yearly exposure to 500 mrem." Certainly, occupational repetitive incremental exposure is physiologically different from single-event irradiation. Nonetheless, it is of concern that an average pediatric cardiac catheterization produces an absorbed thoracic x-ray dosage 14.8 times the yearly allowable whole body occupational dosage.
Damage to thoracic organs has been well documented after therapeutic levels of radiation, including cardiac inflammation,21-2' constrictive peri-carditis28 and myocardial fibrosis.25 Though therapeutic dosage is in rads and diagnostic exposure is usually in mrads, a single average pediatric cardiac catheterization produces an absorbed thoracic dosage of 7.4 rads ( fig. 1 ). Many children require multiple cardiac catheterizations, with resulting accumulation of radiation effects,24 and subclinical damage may become evident only after years or decades.17' 18 In view of the potentially longer life span of children, it seems imperative to perform long-term, follow-up studies of patients who have had cardiac catheterizations in childhood.
Clinical Implications
The regression equation based on our data correlates well with the observed chest dosage in our laboratory. However, it is unlikely that the same formula would yield reliable predictions in other laboratories, owing to differences in radiographic systems, geometry, table composition and filtration. We believe that the same factors (fluoroscopy time and body surface area) are likely to be the relevant variables. To have a useful regression equation, each laboratory must generate its own exposure data and analysis.
Radiation exposure can be decreased during standard catheterization procedure in many ways. (1) Field size during catheter manipulation should be very small. (2) Real-time echocardiographic visualization of size and location of cardiac structures provides important precatheterization information especially in complex malformations, which may shorten catheter manipulation time and thus indirectly decrease radiation exposure. (3) Angiography is usually performed after completion of all hemodynamic studies due to the large osmotic load and toxic effects of contrast agents. However, in extremely complex anomalies, even with preparatory echocardiographic studies, uncertainty regarding anatomy or blood flow patterns may lengthen the procedure and increase the risk. In such cases, consideration may be given to an initial angiogram before extensive catheter probing/ manipulation. (4) Though radiation exposure of the abdomnen and gonads during cardiac catheterization is low, a large-plate abdominal/gonadal shield may further decrease exposure. (5) In small children, frequently it is not possible to narrow the field to exclubde the thyroid area and still visualize the aortic arch structures. A small, malleable lead shield should be placed between the primary beam and the neck to protect selectively the lower nuchal region. (6) Though biplane filming provides more information than single-plane mode, there are occasions in which only one plane is of interest, e.g., the four-chamber view of the atrial septum. In such situations, single-plane filming may be used to decrease radiation. (7) The customary filming speed of 60 frames/sec generally provides excellent line resolution and detail. However, in some situations, e.g., spot cines for catheter course, left superior vena cava injection for visualization of the brachiocephalic anastomosis, slower rates (15 or 30 frames/sec) allow reduction in radiation without loss of crucial data.
Alternatives to current practice might also be considered to reduce radiation exposure. Low-pulse-rate fluoroscopy26' 27 should be operationally and dosetested in children; if an appreciable decrease in exposure is achieved, the system should be recommended for all pediatric catheterization laboratories. Selective chamber/great artery contrast echocardiography can provide considerable information formerly available only by angiography. This is especially true when using two-dimensional echocardiographic equipment. Increasing utilization of this technique should decrease the numnber of angiograms and volume of dye administered.
Long-term follow-up studies decades after cardiac catheterization in childhood will provide a more realistic appraisal of the possible dangers of catheterization-related x-ray exposure.
Potentially hazardous tests are often performed (i.e., cardiac catheterization) when the disease process poses a greater danger to the patient than the test. The need for cardiac catheterization usually indicates the possibility of surgical intervention. Thus, the child with heart disease is at risk from the heart defect as well as the surgery that may be required. Erroneous or incomplete diagnosis poses a much greater danger to the patient than any potential hazard from catheterization-related irradiation. Thus, while radiation exposure should be minimized, this must not be done at the expense of diagnostic accuracy.
Addendum
After acceptance of this paper, a low-pulse rate fluoroscopy system using a video-disc memory (VAS) was installed and interfaced with the Phillips radiographic system. Flicker rate was maintained at 10 pulses/second. The effect on absorbed thoracic radiation during fluoroscopy was assessed in 12 consecutive children during cardiac catheterization and the results in these children were compared with those in the original study group. The original (continuous fluoroscopy) and the new (pulsed fluoroscopy) study groups are comparable in age, body surface area and fluoroscopy time (table Al) . An 88% reduction in absorbed thoracic radiation was achieved with use of pulsed fluoroscopy. 
